The seasonal variation in the chemical composition of the leaf essential oil of Liriodendron tulipifera has been analyzed by GC-MS. Two individual trees were sampled five times during the course of the growing season. Twenty components were identified in the leaf oils, which were dominated by sesquiterpene hydrocarbons, principally germacrene D and β-elemene, in the early part of the season (42-44% and 18-23%, respectively,) but monoterpene hydrocarbons, largely (Z)-β-ocimene, dominated the later season leaf oils (40-60%). The leaf oils exhibited in-vitro antibacterial activity against Bacillus cereus and Staphylococcus aureus as well as cytotoxic activity on MDA-MB-231 and Hs 578T human breast tumor cells.
Liriodendron tulipifera L., "tuliptree", "tulip poplar", or "yellow poplar" (Magnoliaceae) is a large tree (up to 30 m in height and 1 m diameter at breast height), distributed throughout the eastern United States [1] , and one of the few temperate North American hardwood trees known to produce an essential oil [2] . This tree is one of the preferred host plants of the eastern tiger swallowtail butterfly (Papilio glaucus) [3] as well as the tuliptree silkmoth (Callosamia angulifera) [4] , and the tuliptree scale insect, Toumeyella liriodendri [5] . It also serves as host to introduced insect pests such as the gypsy moth (Lymantria dispar) [6] , the ash whitefly (Siphoninus phillyreae) [7] , the Asiatic oak weevil (Cyrtepistomus castaneus) [8] , and the ambrosia beetle (Xylosandrus mutilatus) [9] . In this report, we present the variation in the leaf essential oil composition of L. tulipifera growing in Huntsville, Alabama, during the 2008 growing season. The essential oil from branches of L. tulipifera collected in the winter has been reported [2] , but to our knowledge, this is the first report of the seasonality of L. tulipifera leaf oil. Leaf essential oils were obtained from two different trees collected on five different dates ( Table 1 ). The essential oil yields showed an increase in May and then a gradual decrease through the rest of the growing season (see Figure 1 ). This phenomenon has been previously noted in essential oils yields of Santolina rosmarinifolia from Spain [10] , S. etrusca from Italy [11] , and Thymus hyemalis and T. vulgaris from Spain [12] . Allo The chemical compositions of the L. tulipifera leaf essential oils are compiled in Table 1 . The leaf oils were generally dominated by the monoterpene hydrocarbons (Z)-and (E)-β-ocimene and the sesquiterpene hydrocarbons β-elemene, germacrene D, and bicyclogermacrene. There are only minor quantitative differences in the chemical compositions of the leaf oils of the two trees in this study. The essential oil composition of L. tulipifera previously reported [2] , which was obtained from branches collected in the winter, is notably different from the leaf oils in this study. The branch oils were dominated by (Z)-β-ocimene, but (E)-β-ocimene was not reported. Other relatively abundant monoterpenoids in the branches were αand βpinenes, myrcene, and limonene, as well as bornyl acetate. Pinenes, limonene, and bornyl acetate were absent from the leaf oils, and myrcene was only detected in minor amounts. Notably, sesquiterpenes were either not observed or not reported in the branch oils of L. tulipifera.
The concentrations of monoterpene hydrocarbons showed a gradual increase throughout the summer with concomitant decreases in the concentrations of sesquiterpene hydrocarbons. Monoterpene concentrations correlated positively with average temperatures while sesquiterpenes showed a negative correlation ( Figure 2 ). This is in marked contrast to what was observed in the leaf oil compositions of Sassafras albidum (Nutt.) Nees from Alabama where sesquiterpenoid concentrations increased and monoterpenoid concentrations decreased during the season [13] . Palá-Paúl and co-workers had observed that monoterpene hydrocarbon concentrations in Santolina rosmarinifolia in Spain generally drop during the hottest part of the year [10] , whereas Flamini and Cioni found the opposite phenomenon in Santolina etrusca from Italy [11] . The essential oil of Micromeria fruticosa from Israel showed a dramatic increase in monoterpene concentrations during the summer [14] . These same workers did find, however, that neither temperature nor photoperiod had a significant effect on essential oil content or composition of M. fruticosa grown under controlled conditions. Monoterpene emissions from both apple (Malus domestica) and cherry (Prunus avium) leaves were found to increase between fruit set and fruit ripening stages during the season [15] . Rainfall is total rainfall for ten days prior to collection; temperature is average temperatures for ten days prior to collection.
It is not clear what effect rainfall might have had on essential oil yields or compositions. 2008 was a drought year for Alabama and much of the southeastern U.S., with rainfall amounts much lower than normal, except for one period of generous rainfall due to tropical storm Fay (August 24-26). Essential oils of tropical plants have shown seasonal variation attributed to rainy season vs. dry season. For example, Virola surinamensis showed a dramatic increase in total monoterpenes during the dry season (June) in Brazil compared to the wet season (February) [16] .
The L. tulipifera leaf oils were screened for in-vitro antibacterial activity against Bacillus cereus and Staphylococcus aureus as well as cytotoxic activity against MDA-MB-231 and Hs 578T human breast tumor cells ( Table 2 ). The leaf oils showed slight antibacterial activity against B. cereus, which peaked around mid-season. The July 9 samples had MIC values of 156 and 312 μg/mL. Cytotoxic activity seemed to peak in the August 30 samples with 60-90% killing and 50-70% killing on MDA-MB-231and Hs 578T cells, respectively. The bioactivity of the leaf oils seems to be roughly correlated to β-ocimene concentrations. Thus, the cytotoxicity of L. tulipifera essential oil correlates positively to total β-ocimene concentration for both MDA-MB-231 (R = 0.754) and Hs 578T (R = 0.479) cells (Figure 3) . Although β-ocimenes have not previously been reported to be cytotoxic or antibacterial, essential oils rich in β-ocimenes have shown antibacterial [14] and cytotoxic [15] A previous study on plant juice from L. tulipifera found no antibacterial activity [16] . Antibacterial and antifungal alkaloids have been isolated and identified in the heartwood of L. tulipifera, however [17] . The leaves and roots of L. tulipifera have yielded cytotoxic germacranolide sesquiterpenoids [18] . Interestingly, the larvae of Papilio glaucus are apparently not adversely affected by these otherwise toxic sesquiterpenoids and are able to excrete or detoxify them [19] .
Experimental
Plant material: A random sampling of mature leaves from various different positions on two different L. tulipifera trees growing in Huntsville, Alabama [20] with continuous extraction with dichloromethane. Essential oil yields are summarized in Table 1 .
GC-MS analysis:
The leaf oils of L. tulipifera were subjected to GC-MS analysis using an Agilent 6890 GC with Agilent 5973 mass selective detector (EIMS, electron energy = 70 eV, scan range = 45-400 amu, and scan rate = 3.99 scans/sec), fused silica capillary column (HP-5ms, 30 m × 0.25 mm) coated with 5% phenyl-polymethylsiloxane (0.25 μm phase thickness), helium carrier gas with a column head pressure of 48.7 kPa and a flow rate of 1.0 mL/min; inj temp 200°C, oven temp prog: 40°C initial temperature, held for 10 min; increased at 3°/min to 200°C; increased 2°/min to 220°C, and interface temp 280°C. The sample was dissolved in CH 2 Cl 2 to give a 1% w/v solution; 1-μL injections using a splitless injection technique were used. Identification of oil components was achieved based on their retention indices (determined with reference to a homologous series of normal alkanes), and by comparison of their mass spectral fragmentation patterns with those reported in the literature [21] and stored on the MS library [NIST database (G1036A, revision D.01.00)/ChemStation data system (G1701CA, version C.00.01.08)]. The percentages of each component are reported as raw percentages based on total ion current without standardization. The chemical compositions of the L. tulipifera leaf oils are summarized in Table 1 .
Antibacterial Screening: L. tulipifera leaf oils were screened for antibacterial susceptibility against Gram-positive bacteria, Bacillus cereus (ATCC No. 14579) and Staphylococcus aureus (ATCC No. 29213), and the Gram-negative bacterium Escherichia coli (ATCC No. 25922) using the microbroth dilution technique as described previously [22] . The antibiotic Geneticin was used as a positive control, DMSO was used as a negative control. Antibacterial activities are listed in Table 2 .
Cytotoxicity Screening:
In-vitro cytotoxic activity against MDA-MB-231 (ATCC No. HTB-26) and Hs 578T (ATCC No. HTB-126) cells was carried out using the MTT method for cell viability as previously described [23] . Tingenone was used as a positive control, DMSO was used as a negative control. Cytotoxic activities of the leaf oils are summarized in Table 2 .
